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Abstract 
The physio-chemical stability of the oxygen carrier material during chemical looping combustion (CLC) operation is 
crucial. In the present paper we discuss the challenges connected to operating a metal oxide base material in a cyclic 
manner between oxidizing and reducing atmospheres. Especially, focus has been put on the phase changes occurring 
within the oxygen carrier particles leading to changes in particle volume during operation and consequently, with 
time, also particle disintegration. Particle sintering may also occur for some oxygen carrier materials in their reduced 
form. These challenges have been exemplified through lab-scale CLC experiments carried out both in fixed bed and 
fluidized bed reactors.  
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1. Introduction 
A chemical looping combustion (CLC) process was already suggested in the 1950 s as a way to 
produce pure carbon dioxide [1]. It was further developed as a combustion technique in the 1980 s [2], 
and later in the 1990 s presented as a possible way to separate CO2 during fossil fuel combustion [3]. The 
interest in CLC has boosted during the last decade due to its relatively high net energy efficiency [4] and 
potential low cost of CO2 capture due to inherent separation of the CO2 from the depleted combustion air 
[5].  
CLC is a cyclic process where a metal oxide first is used to combust a fuel, and then the reduced metal 
oxide is re-oxidized in air before a new cycle can be carried out (see Figure 1). Such a red-ox cycle can in 
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principle be carried out in two ways; either i) by moving the metal oxide between static gas streams or ii)
by keeping the metal oxide static while switching the gas streams. Option i) is in most cases implemented
with a dual circulating fluidized bed (CFB) reactor setup where the metal oxide powder circulates
between a fuel reactor, in which the combustion takes place, and an air reactor, where re-oxidation takes 
place [6][7] CFB reactors have recently gained by far the most attention within the CLC community since
this reactor type already has commercial applications for combustion processes (boilers) and within
refinery processes, such as fluidized catalytic cracking (FCC). Option ii) most often involves one or more
fixed bed reactors where complex valving sequences assure cyclic gas feeding to the reactors and optimal
gas separation. Initial CLC experiments were carried out in single fixed bed reactors [3][8].
Figure 1: Schematic drawing of the CLC process
In general, good oxygen carriers for CLC should have significant cyclic oxygen capacity; in addition,
the kinetics of both the reduction and oxidation reactions should be fast. Since most oxygen carrier 
materials are bulk oxides, also bulk diffusion of oxide ions to the particle surface where the reactions take 
place should be faster than the reaction kinetics to avoid surface oxygen deficiency and a following lack 
of oxidizing conditions. The stability of the oxygen carrier particles should also be high; both chemically 
and physically. Physical stability is certainly of high importance in fluid bed reactors, where particle
attrition occurs by particle interactions with reactor walls and other particles. One property of oxygen
carrier materials that has more to do with chemical stability and has not been studied to a large extent so
far is the change in particle volume that occurs upon red-ox cycling. In fluid bed reactors, any volume
change will change the fluidization properties of the particle through changes in particle density and size. 
In fixed bed reactors, the effect of changes in particle volume will be more drastic since the particles are
confined in a bed with little possibility for expansion. Also, since the dynamic range in degree of 
reduction ( X) often is higher for materials in a fixed bed configuration, differences in volume may cause 
severe physical degradation. This highlights the importance of reactor choice when developing CLC
materials: for a fixed bed reactor, chemical degradation is expected to be the most significant, while for 
CFB reactors, the physical erosion of the particles and the reactor itself might be the biggest challenge.
In the present contribution we will discuss, in more general terms, the properties of the oxygen carrier 
materials in connection to the kind of reactor used for the CLC process. We will also present data from 
real CLC experiments conducted in various reactor types using NiO/NiAl2O4 [10] as oxygen carrier (OC)
and discuss the material deactivation and particle degradation observed in terms of changes in the particle
properties during red-ox cycling at the relevant conditions. The Cu based material Cu0.95Fe1.05AlO4 [9] has 
been included due to its extreme changes in particle morphology upon red-ox cycling. Also, the changes
in particle morphologies upon unplanned stops and failures in the CLC process will be discussed.
2. Material characteristics
A high number of different OC powders have been prepared and evaluated for applications in CLC. 
Most common are Ni [10], Fe [11], Cu [12] and Mn [13] based oxides where the metal cycles between 
various oxidation states. For Ni- and Cu based OC's, M(0) is the oxidation state of the metal in the
reduced form [14], whereas for "less noble" Fe- and Mn-based materials fully reduced metal may not be
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reached [15]. As mentioned previously, in an evaluation of possible OC materials at least the following 
physio-chemical characteristics need to be investigated: 
 Cyclic oxygen capacity and stability in cyclic oxygen capacity with cycle number 
 Kinetics of OC reduction and oxidation 
 Physical stability of OC particle 
The two first points are most frequently studied and will therefore only be briefly discussed in the 
following. The last point, however, has gained mush less attention and will therefore be discussed in more 
details with a couple of examples. 
The oxygen capacity of the OC material is the most basic parameter and also the first to be measured. 
Typically, equilibrium capacities are obtained by thermo-gravimetric (TG) analysis which can be run at 
quite realistic conditions using various gaseous fuels. Multi-cycle TG experiments can be run to give the 
stability of the cyclic capacity at the chosen conditions over several cycles, as would be experienced by 
the OC in an operating reactor. Multi-cycle capacity data can also be obtained from dynamic 
breakthrough measurements (from both fixed and fluid beds). However, proper modeling of the column 
used taking care of diffusion phenomena must be carried out.  
TG experiments are often used to derive kinetic data; however, since most reduction and re-oxidation 
reactions are fast, only limited kinetic information can be obtained if special care is not taken concerning 
mass transfer limitations in the system. This is often difficult due to the lack of plug flow conditions in 
most TG instrumentations. Thus, in such cases, only the upper limit of kinetic constants will be obtained. 
Proper reactor testing together with reactor modeling can be used to derive relevant kinetic constants. 
Intrinsic kinetic parameters where all gas phase reactions can be excluded can be obtained by Temporary 
Analyses of Products (TAP) experiments; however, to our knowledge such experiments have still not 
been used in a CLC context. 
2.1. Physical stability of OC particle 
Any particulate to be used in a chemical process must have a certain physical strength either to 
withstand the static pressure of the bed in a fixed bed system or to survive the continuous collisions from 
other particles and reactor walls in a fluid bed system. In addition, knowledge about changes in particle 
morphology with time, such as porosity and grain size, is important since transport properties will depend 
on such factors. CLC is a cyclic process in which the OC material in most cases undergoes drastic 
changes during the redox cycle. If the OC material is fully converted in each cycle, a complete change in 
crystal structure may occur, leading to large internal stress in the microcrystals which to a large extent is 
caused by the differences in crystallographic volume between the reduced and oxidized phases. In turn, 
these changes might lead to physical degradation not only on micro scale but with time also on 
macroscopic scale. One of the motivations behind the use of perovskites as OC materials has been their 
ability to work between to degrees of oxidation without severe changes in crystal structure [16], however, 
even for such materials some volume change may occur. Changes in particle volume during red-ox 
cycling can certainly lead to severe particle degradation in fixed bed systems in which the room for bed 
expansion is limited. Fluid bed systems handle particle volume changes of this kind nicely and only 
fluidization behavior of the powder will be affected.  
One method that gives information about volume changes in materials during exposure to different gas 
atmospheres is dilatometry. Cylindrical pellets of OC materials were prepared by uniaxial, double action 
pressing and sintered at an appropriate temperature in order to obtain similar porosity and strength as for 
spherical OC particles of the same chemical composition. The sintered pellets were then placed in a 
dilatometer (Netzsch 402E). One face of the sample was placed against an immovable plate, whereas a 
spring-loaded  pushrod measured the linear  expansion/contraction behavior  of the sample during thermal 
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Figure 2 Material expansion during oxidation (light green part) and reduction (light red part) over four cycles for a) Ni/NiAl2O4,
and b) Cu0.95Fe1.05AlO4. The expansion is shown relative to the start of cycle 1. A negative value indicates contraction.
treatment. The sintered cylinders were heated to 900°C in air, and cycled four times according to the
following isothermal cycling procedure
2 h air (except cycle three, where the sample was kept overnight in air)
10 min N2
2 h 5% H2 in N2
10 min N2
All flow rates were 125 ml/min. Two typical results from such a dilatometry experiment are shown in 
Figure 2. The volumetric changes during cycling follow a different course for the two materials.
Ni/NiAl2O4 (Figure 2a) showed a large contraction upon reduction. The largest contraction occurred in 
the first cycle, decreasing gradually in the three following cycles. During oxidation, a small expansion 
occurred during the first 30-40 minutes, followed by a minor contraction. Steady state for the pellet was
reached after approximately one hour of oxidation, but was not reached during two hours of reduction,
showing that the kinetics of reduction were by far the slowest for this material. Although the material
monotonously contracts during cycling, the contraction in one dimension was less than 0.3 % after four
cycles, indicating that the material should be suitable for operation in both fixed and fluidized beds.
The Cu0.95Fe1.05AlO4 material (Figure 2b) behaved oppositely during reduction, showing a nearly
linear expansion as a function of time. Again, a slight expansion followed by a contraction was seen at the
start of the oxidation stage. This is likely to be related to a transient temperature increase due to the
exothermic oxidation reaction. As for Ni/NiAl2O4, the oxidation kinetics for Cu0.95Fe1.05AlO4 was far 
faster than for reduction. For the Cu0.95Fe1.05AlO4 pellet, steady state was reached after approximately 30
minutes, whereas steady state during reduction was not reached. The Cu0.95Fe1.05AlO4 pellet was severely
cracked and deformed after the dilatometry experiment, and the total one-direction expansion was as high 
as 9 %. The bulk density of the pellet was 3.3 g/cm3 after the experiment, a decrease from 4.2 g/cm3 prior 
to the experiment. Correspondingly, the open porosity increased from 15.5% to 31.6% during the course
of the experiment. Such high expansion and increase of porosity would most certainly be a challenge for 
operation in fixed beds, and the lifetime of this material in a fluidized bed would be limited due to
reduction in mechanical strength upon cycling and subsequent production of fines. 
b)a
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3. Fluid bed reactors
Interconnected fluid bed reactors is the process configuration that has gained the most interest for CLC
implementation. A few pilots around 100-200 kW [17][18] have demonstrated CLC and a 1-2 MW 
demonstration plant is about to be commissioned [19]. Such processes typically utilize 100-200 micron 
OC powders and most emphasis is put on the preparation of strong particles with enough porosity to keep
the transport limitations as low as possible. This is certainly a tradeoff since high porosity necessarily
results in more brittle particles. The direct effect of any changes in particle volume during the process is 
less problematic and will only affect the powder flow characteristics and can then be dealt with by
adjusting the reactor gas flows. Volume changes will more have a secondary effect since attrition may
increase due to the induced internal stresses.
As a consequence of the particle fluidization all particles in each of the fluid bed reactors experience
the same average gas atmosphere and thus will have similar degree of oxidation at steady state. The 
process can be run in a way so that full reduction of a significant amount of the OC particles is avoided.
This is often accomplished by using quite high powder inventories, where only a fraction of the full
oxygen capacity is used (small X).
What is crucial in CFB reactors is to keep the powder fluidized. For Ni and Cu based OC materials
particle sintering is most likely to happen when the OC is in its reduced form, so any decrease in flow that 
may start a sintering process should be avoided at places where the powder is mostly reduced. But what 
may happen in case of a sudden stop in gas flow? 
An automated batch fluidized bed reactor setup has been used to study the ageing of 60 wt%
NiO/NiAl2O4 oxygen carriers. Up to 410 redox cycles with a solid conversion of 32% could be performed
without noticeable deactivation or agglomeration of the material, but during another test with 44% solid 
conversion, an unexpected stop in gas flow occurred at the end of the 19th reduction period. As shown in 
Figure 3, unexpectedly high levels of CO and H2 were produced during the cycle preceding that when 
fluidization stopped, and a pressure drop in the reactor occurred concomitantly, indicating that de-
fluidization of the bed occurred during that reduction period. De-fluidization probably also occurred 
during the following cycle, when a security feature stopped the gas injection. The bed stayed at 900°C
without fluidization for 1h, then air was injected for 2h to re-oxidize and fluidize the bed again. Another 
30 cycles were performed after re-oxidation, but it can be seen in Figure 3 that the bed was still partly de-
fluidized, with large amounts of CO/H2 being produced in each cycle and large pressure variations during
both reduction and oxidation periods. After the experiment was stopped, a large and strong agglomerate
was recovered at the bottom of the reactor, along with some fine flowing powder.
Figure 3: Gas concentrations measured at the outlet of the fluidized bed together with bed temperature and reactor pressure during 
cycles before (left) and after (right) fluidization shutdown.
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The agglomerate was cast in resin, cut and polished and analysed by scanning electron microscopy 
(SEM, Figure 4). The particles in the agglomerate are linked together through a bright grey layer of what 
appears to be pure NiO, as shown using EDX analysis 
The SEM cross-section observation of the recovered free flowing powder shows that most particles 
have the same morphology as the starting material. However, some agglomerates (up to 900 m in size) 
are present, where the particles are tied together through a NiO layer similar to that mentioned above, and 
some non-agglomerated particles also show an oxide scale, but a few m thick only. We believe such an 
oxide scale was formed around immobile particles, which were later fluidised back during oxidation or 
reduction either as single or as agglomerated particles. Whether it is possible to completely re-fluidise a 
bed of particles by successive oxidation-reduction cycles at very high gas flows however remains to be 
established. 
Figure 4: SEM picture of agglomerated particles after fluidization shutdown and further cycling 
4. Fixed bed reactors 
Very little work has been reported on continuous CLC in fixed bed reactor(s). To our knowledge the 
only example reported is carried out in a rotating bed reactor, in which a doughnut shaped bed is rotated 
between a fuel sector and an air sector with inert sectors between to minimize gas mixing [20]. Much of 
the CLC work done in fixed bed reactors is more for characterization purposes, as described in the 
previous sections. However, fixed bed CLC has recently gained renewed interest in niche contexts such as 
for producing CO2 and heat for greenhouses [21]. 
Since the powder is fixed in position, the powder at different positions in the bed will experience 
different gas compositions. During fuel oxidation at low gas velocities, the first part of the bed will 
experience a more reducing atmosphere than the last part, and full reduction of the OC might easily occur 
close to the inlet. At higher gas velocities, obtaining full fuel conversion might be a challenge, but this is 
dependent on the dimensions of the reactor. These factors are very different from the situation in a fluid 
bed system where all particles in average will experience the same conditions. 
In a fixed bed, the OC bed is strictly limited in volume, so any changes in bed volume during operation 
might have drastic effects on the reactor performance. To illustrate this, a small fixed bed reactor, 1.27 cm 
in diameter and 15 cm in length, was filled with 13 g of the same Ni/NiAl2O4 OC as used in the fluid bed 
experiments discussed above. As shown in Figure 5, full conversion of the fuel (50% methane) was 
achieved for about 0.75 hours (left). During this time, the particles closer to the inlet become fully 
reduced while those close to the outlet will remain mostly oxidized, as the cycle was stopped when 2% 
CO was measured at the outlet. With the oxidation (right), the cycle is allowed to run to completion 
(20.5% O2 at the outlet), so that the bed can be assumed to be completely oxidized. 
In order to investigate the deactivation of the nickel in the fixed bed reactor, several red-ox cycles were 
performed subsequently. Over 18 cycles, results showed an apparent activation of the nickel material, as 
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shown in Figure 6. defined as the
amount of CO2 produced until 0.07% CO is measured at the outlet divided by the maximum amount of 
CO2 that is possible to produce based on the amount of active OC material in the bed. During the first 
cycles, the efficiency is about 30%, and then increases to between 50 and 60%. However, opening the 
reactor after the experiment revealed that the OC material had sintered and shrunk significantly (Figure
7), consistent with the dilatometer results described in section 2.1 above.
5. Conclusions
One of the main challenges when developing CLC technology is connected to the OC material and
specifically to its stability over prolonged reduction-oxidation cycling and the effect of the phase changes
upon particle morphology and strength. We have in the present paper presented some results from 
dillatometri experiments showing that drastic volume changes (9 vol% expansion) occur in 
Cu0.95Fe1.05AlO4 OC and that the changes lead to particle fragmentation within only a few red-ox cycles. 
On the other hand, one of the standard OC materials, Ni/NiAl2O4, shows much less volume changes, only 
0.3 vol%, and a shrinking of the particles is observed. The shrinkage of the Ni/NiAl2O4 OC is further 
exemplified by results from fixed bed CLC experiments where reactor performance during 18 red-ox 
cycles could be performed without visible problems. However, analyses of the reactor and OC bed after 
the experiments showed that extensive sintering and OC material shrinkage had occurred (Figure 7).
Finally, results from fluidized bed experiments using the Ni/NiAl2O4 OC over prolonged red-ox
cycling showed steady performance. However, a reactor failure leading to de-fluidization of the (partly)
Figure 7: Cross-section of 
fixed bed reactor after 
operation showing the shrunk 
and sintered Ni/NiAl2O4 rod.Figure 6 Bed use efficiency over 18 cycles with Ni/NiAl2O4 OC.
Figure 5 Results from fixed-bed CLC testing with Ni/NiAl2O4 OC during reduction (left) and oxidation (right). Experimental 
conditions: T = 900°C, total flow rate = 60 ml/min.
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reduced OC bed lead to severe sintering and fluidization could net be re-obtained due to large 
agglomerates inside the bed.  
We have through these examples shown how critical the OC material and its physio-chemical 
properties are for good CLC process performance. Especially, changes in OC particle morphology during 
operation has been a neglected area of interest within the CLC community, so there are still material 
science needed to be done before a good and reliable OC material for large scale CLC operation can be 
realized.  
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